The efficacy of aliskiren, a direct renin inhibitor, in ventricular remodeling after myocardial infarction (MI) compared with conventional renin-angiotensin system (RAS) inhibitors remains to be defined. This study was performed to examine the protective effects of aliskiren and its addition to valsartan, an angiotensin-II receptor blocker, against ventricular remodeling after MI. MI was induced in 8-to 12-week-old C57BL/6 mice by ligating the left anterior descending artery. At 3 days after MI, mice were divided into five groups and were treated with the following: (1) phosphate-buffered saline (PBS); (2) hydralazine (10 mg kg -1 day -1 ); (3) valsartan (8 mg kg -1 day -1 ); (4) aliskiren (25 mg kg -1 day -1 ); and (5) combined aliskiren (25 mg kg -1 day -1 ) and valsartan (8 mg kg -1 day -1 ). With these doses of drugs, blood pressure-lowering effects compared with the PBS group were similar among the treated groups in sham-operated mice. At 28 days after MI, echocardiographic, hemodynamic and histological assessments demonstrated that monotherapy with valsartan or aliskiren alone significantly and similarly ameliorated ventricular remodeling after MI compared with the PBS and the hydralazine groups. Combination therapy of valsartan and aliskiren more greatly improved ventricular remodeling after MI with enhancement of angiogenesis and greater attenuation of tissue oxidative stress and inflammation. Our results indicate that aliskiren can be an alternative to conventional RAS inhibitors in the treatment of post-MI patients. Moreover, the dual therapy of valsartan and aliskiren may be more beneficial than either monotherapy. Further clinical trials will be warranted to sufficiently assess the safety and the efficacy of the use of aliskiren in post-MI patients.
INTRODUCTION
Ischemic heart disease including myocardial infarction (MI) is the major cause of death in industrial countries. 1,2 MI frequently causes left ventricular dilatation associated with cardiomyocyte hypertrophy and interstitial fibrosis of the non-infarcted myocardium. These changes in the geometry of left ventricle (LV), referred to as ventricular remodeling, contribute to the development of cardiac dysfunction and heart failure, which are associated with increased morbidity and mortality. [3] [4] [5] Therefore, a prevention of this adverse ventricular remodeling is one of the most important pharmacological targets in treating post-MI patients.
A great body of evidence has demonstrated that the increased renin-angiotensin system (RAS) activity has a key role in the development of ventricular remodeling after MI. 6 Currently, angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) have been proven to be effective in attenuating the progress of ventricular remodeling by inhibiting the increased RAS activity. [7] [8] [9] [10] However, ACEIs and ARBs induce a compensatory rise in renin and its downstream RAS components that may eventually overcome their RAS-blocking effect. 11 Thus, they may not sufficiently inhibit the RAS and thereby antagonize disease progression. Accordingly, it is of critical importance to develop therapeutic strategies that will inhibit the RAS activity more effectively.
Aliskiren is the first in a new class of orally effective direct renin inhibitors (DRIs) approved for clinical treatment. 12, 13 Aliskiren blocks the RAS by inhibiting the rate-limiting step in the RAS cascade, and reduces synthesis of all subsequent components of the cascade. Therefore, aliskiren may offer an alternative to ACEIs or ARBs in the treatment of post-MI patients. In fact, aliskiren was reported to improve cardiac function and ventricular remodeling after MI independent of blood pressure (BP) in mice. 14 However, it is unknown whether aliskiren is superior to conventional RAS inhibitors in the treatment of ventricular remodeling after MI. As angiotensin I can be produced in renin-independent manner through enzymes such as cathepsin D and tonin, 15, 16 even DRIs may not completely block the RAS activity.
As each one of RAS-blocking agents may not fully inhibit the RAS activity, it is suggested that combination of them can achieve more potent RAS suppression by mutual reinforcement, and thus, may result in better clinical outcomes in post-MI patients. Especially, the inhibition of the first rate-limiting step of angiotensin II production and the blockade of its receptor by combination of DRIs and ARBs may be theoretically a promising strategy. However, the efficacy of this strategy remains unclear. This study was performed to assess the efficacy of aliskiren and its addition to valsartan in post-MI outcomes.
METHODS

Experimental model of MI
This study was approved by the Animal Care and Use Committee of the University of Tokyo. All experiments were performed according to the 'Guide for the Care and Use of Laboratory Animals' . 17 MI was induced in 8-to 12-week-old male C57BL/6 mice (Japan SLC, Shizuoka, Japan) by a permanent left anterior descending artery ligation as described previously with minor modification. 18 Briefly, mice were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg kg -1 of body weight). A 24-gauge polyethylene tube was inserted into the trachea and mechanical ventilation was provided by a rodent ventilator (Model SAR-830; CWE, Ardmore, PA, USA). The chest was opened by the second left intercostal incision and the heart was exposed. The left anterior descending artery was ligated by 7-0 nylon suture approximately 3 mm below the tip of the left atrial appendage, which was determined according to the survival rate after MI in the preliminary experiment. Sham animals were prepared identically without undergoing ligation of the left anterior descending artery.
At 3 days after the operation, mice were divided into five groups and were treated as the following: (1) phosphate-buffered saline (PBS) (n¼39); (2) hydralazine (10 mg kg -1 day -1 , n¼31); (3) valsartan (8 mg kg -1 day -1 , n¼37); (4) aliskiren (25 mg kg -1 day -1 , n¼27); (5) combined valsartan (8 mg kg -1 day -1 ) and aliskiren (25 mg kg -1 day -1 ) (n¼24). Valsartan and aliskiren were kindly gifted from Novartis (Basel, Switzerland). Hydralazine was purchased from Wako Pure Chemical Industries (Osaka, Japan). Valsartan, aliskiren and PBS were given to mice via osmotic minipump (ALZET mini-osmotic pump, DURECT, Cupertino, CA, USA). Hydralazine was orally given to mice with gavage, and osmotic minipumps were not implanted into hydralazine-treated mice. We chose the doses of the drugs according to the previous studies and our preliminary experiments. 19, 20 With these doses of drugs, BP-lowering effects compared with the PBS group were similar among the treated groups in shamoperated mice. We combined valsartan and aliskiren at the same doses as either monotherapy so that we could assess whether further addition of RAS-blocking agents to baseline medication is beneficial to organ protection without further BP-lowering effects. BP of conscious mice was measured with the tail-cuff method (Softron BP-98A; Softron, Tokyo, Japan).
Echocardiographic and hemodynamic measurements
Transthoracic echocardiographic study was performed under anesthesia with sodium pentobarbital before surgery, and at 3 and 28 days after MI with a dynamically focused 15 MHz linear-array transducer (EnVisor M2540A; Philips Medical System, Best, The Netherlands) with a depth setting of 1.5 cm. M-mode tracings were recorded from the short axis view at the papillary muscle level of the LV. For hemodynamic measurement, the right carotid artery was cannulated by the micro pressure transducers with an outer diameter of 0.42 mm (Samba 201 and Samba Preclin 420 LP; Samba Sensors AB, Vastra Frolunda, Sweden), which was then advanced into the LV. 18 Pressure signals 
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were recorded using a MacLab data acquisition system (Model 400 with chart v4.2 software; AD Instruments, Colorado Springs, CO, USA) with a sampling rate of 5000 Hz. Heart rate was kept at approximately 320-370 beats per minute to minimize data deviation. 18 
Histological analysis
Hearts were weighed and fixed in methanol and cut into four transverse sections: apical, middle, upper and basal sections. Each part was embedded in paraffin, and sectioned at 5 mm thickness. Specimens were stained with hematoxylin and eosin or sirius red dyes as described previously. 21 Myocyte cross-sectional area (CSA) and collagen volume fraction (CVF) were determined by quantitative morphometry of tissue sections from the middle section of the LV in hematoxylin and eosin and sirius red staining, respectively. Twenty cardiomyocytes per slide were measured for myocyte CSA calculation. Three to five random fields were examined for CVF analysis (magnification, Â200).
Immunohistochemical staining was performed with an anti-CD31 antibody (MEC13.3; BD Pharmingen, San Diego, CA, USA). Antibody distribution was visualized by the avidin-biotin complex technique and Vector Red substrate (Vector Laboratories, Youngstown, OH, USA). Quantitative assessment of capillary density was performed in the peri-infarction area of the middle section of the heart, which was identified by anti-CD31 staining, respectively. Five random fields were examined, and density was expressed as the number per square millimeter (magnification, Â400).
For infarct size analysis at 28 days after MI, the boundary lengths of the infarcted and non-infarcted epicardial and endocardial surfaces were traced with a planimeter digital image analyzing software (ImageJ, Bethesda, MD, USA) after sirius red staining. Infarct size was calculated as the sum of the endocardial and epicardial scar length divided by the sum of the LV endocardial and epicardial circumferences of all the sections. 18 
RNA extraction and reverse transcriptase-PCR analysis
Total RNA was isolated from the myocardial tissues with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed with 1 mg of total RNA, random hexamer primers and moloney murine leukemia virus (MMLV) reverse transcriptase (ReverTraAce-a; TOYOBO, Osaka, Japan). 18 For quantitative assessment of gene expression levels, quantitative real-time PCR analysis was performed. Specific mRNAs were quantified by SYBR Green real-time PCR Master Mix (TOYOBO) in an ABI PRISM 7000 thermocycler (Applied Biosystems, Foster City, CA, USA) under standard manufacturer's conditions. Data are expressed in arbitrary units that were normalized by correction for the signal obtained in the same complementary DNA preparation for glyceraldehyde 3-phosphate dehydrogenase mRNA. The primers for real-time PCR were as follows: interleukin-6 (IL-6), 5¢-ACAAC CACGGCCTTCCCTACTT-3¢ and 5¢-CACGATTTCCCAGAGAACATGTG-3¢; monocyte chemotactic protein-1, 5¢-CCACTCACCTGCTGCTACTCAT-3¢ and 5¢-TGGTGATCCTCTTGTAGCTCTCC-3¢; tumor necrosis factor-a, 5¢-TCCC AGGTTCTCTTCAA-3¢ and 5¢-GGTGAGGAGCACGTAGTCGG-3¢; glyceraldehyde 3-phosphate dehydrogenase, 5¢-ATGACAACTTTGTCAAGCTCATTT-3¢ and 5¢-GGTCCACCACCCTGTTGCT-3¢.
Assessment of oxidative stress in murine heart
For assessment of oxidative stress in murine hearts, lipid peroxidation (Lipid Peroxidation Assay Kit, Oxford Biomedical Research, Oxford, MI, USA) in the myocardial tissues was measured according to the manufacturer's recommendation. 18 In lipid peroxidation assay, we measured concentrations of malondialdehyde and 4-hydroxyalkenals.
Statistical analysis
Data are expressed as mean±s.e.m. Kaplan-Meier method and the log-rank test were used for comparison of survival. Multiple group comparison was performed by one-way analysis of variance followed by StudentNewman-Keuls post hoc test. Values of Po0.05 were considered statistically significant.
RESULTS
Impact of drugs on BP and cardiac function in sham-operated mice
Hemodynamic and echocardiographic data on sham-operated mice were shown in Table 1 . When we measured BP with the tail-cuff method at 28 days after the operation, BP-lowering effects of hydralazine, valsartan and aliskiren were similar among the three groups in sham-operated mice with our tested doses. Combination of valsartan and aliskiren did not lead to further BP lowering with the tested dose. At 28 days after sham operation, hemodynamic measurement was also performed by micro pressure transducers under anesthesia. Systolic BP measured by micro pressure transducers showed the same tendency with that measured by the tail-cuff method. Left ventricular end-diastolic pressure was similar among the five groups, whereas maximum and minimum dp/dt values were reduced in the treated groups compared with the PBS group. Echocardiographic data revealed no significant differences in LV geometry and function among the five groups at baseline and 28 days after sham operation.
Survival and macroscopic changes after MI Compared with PBS, aliskiren and the dual therapy significantly reduced mortality after MI, whereas hydralazine or valsartan alone failed to improve survival after MI (Figure 1a) . The survival rate of the combination therapy group was higher than that of the aliskiren monotherapy group, although the difference was not statistically significant. Most of dead mice died of cardiac rupture in each group. (a) Survival curve after MI. Continuous black line, the phosphate-buffered saline (PBS) group (n¼39); dotted black line, the hydralazine group (n¼31); blue line, the valsartan monotherapy group (n¼37); green line, the aliskiren monotherapy group (n¼27); red line, the combination therapy group (n¼24). *Po0.05 vs. the PBS group. (b) Heart weight (HW) to body weight (BW) ratios at 28 days after sham operation (n¼5 for each group) or MI (n¼8 for each group). (c) MI size at 28 days after the operation was assessed by sirius red staining (n¼5 for each group). P, the PBS group; H, the hydralazine group; V, the valsartan monotherapy group; A, the aliskiren monotherapy group; C, the combination therapy group. *Po0.05 vs. the PBS group; w Po0.05 vs. the hydralazine group; z Po0.05 vs. the valsartan monotherapy group; y Po0.05 vs. the aliskiren monotherapy group.
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The heart weight to body weight ratios at 28 days after sham operation were comparable among the five groups (Figure 1b) . At 28 days after MI, valsartan or aliskiren alone significantly and comparably reduced the heart weight to body weight ratio compared with PBS, whereas hydralazine did not reduce it. The heart weight to body weight ratio of the combination therapy group was significantly lower than that of the monotherapy groups.
MI size at 28 days after the operation was also reduced by valsartan or aliskiren alone compared with PBS, although hydralazine failed to reduce it (Figure 1c) . Furthermore, the dual therapy reduced MI size more than either monotherapy.
Echocardiography and hemodynamics LV geometry and function, examined using echocardiography, were similar among the five groups before MI and at 3 days after MI (Table 2 ). Thus, echocardiographic data did not differ among the five groups before drug treatment. At 28 days after MI, hydralazine significantly reduced LV dilatation compared with PBS, although there were no statistically significant differences between the PBS and the hydralazine groups in wall thickness of the infarcted and the non-infarcted area and ejection fraction. Valsartan or aliskiren monotherapy significantly and similarly ameliorated LV dilatation, wall thinning of the infarcted area and wall thickening of the non-infarcted area, and improved ejection fraction compared with PBS and hydralazine. Moreover, the combination of valsartan and aliskiren improved LV geometry and function after MI more than either monotherapy.
Hemodynamic measurement showed that BP, and maximum and minimum dp/dt values were similar among the five groups at 28 days after MI (Table 2) . Hydralazine did not reduce left ventricular enddiastolic pressure compared with PBS, whereas valsartan and aliskiren monotherapies significantly and comparably reduced left ventricular end-diastolic pressure. Left ventricular end-diastolic pressure of the combination therapy group was numerically, but not statistically, lower than that of the monotherapy groups.
Myocyte CSA and CVF in the non-infarcted area In sham-operated mice, myocyte CSA and CVF of the non-infarcted area did not differ among the five groups at 28 days after the operation (Figure 2) . In MI mice, myocyte CSA was reduced by hydralazine compared with PBS. Valsartan or aliskiren monotherapy further reduced myocyte CSA of the non-infarcted area than hydralazine. Moreover, the combination of valsartan and aliskiren improved cardiomyocyte hypertrophy more than either monotherapy.
Valsartan and aliskiren monotherapies improved cardiac fibrosis of the non-infarcted area compared with PBS, whereas there was no difference in CVF between the PBS and the hydralazine group. CVF of the combination therapy group tended to be lower than that of the valsartan or aliskiren monotherapy group, although the differences were not statistically significant with multiple comparison test. 
Capillary density in the peri-infarction area
The capillary density in the peri-infarction area at 28 days after MI was higher in the aliskiren group and the combination therapy group than in the PBS group, whereas the capillary density was not different between the PBS and the hydralazine groups ( Figure 3) . Interestingly, the capillary density in the peri-infarction area of the valsartan group was similar to that of the PBS group or the hydralazine group, and lower than the aliskiren group and the combination therapy group.
Oxidative stress in the peri-infarction and the non-infarcted area Lipid peroxidation assay demonstrated that at 28 days after MI, oxidative stress both in the peri-infarction area and in the noninfarcted area was ameliorated by valsartan or aliskiren monotherapy compared with PBS, whereas hydralazine did not reduce oxidative stress (Figure 4a ). The combination therapy further reduced oxidative stress in the non-infarcted area than valsartan or aliskiren monotherapy, whereas oxidative stress in the peri-infarction area was Figure 2 Cardiomyocyte hypertrophy and interstitial fibrosis in the non-infarcted area. (a) Myocyte cross-sectional area (CSA) and (b) collagen volume fraction (CVF) at 28 days after sham operation (n¼3 for each group) and myocardial infarction (MI) (n¼5 for each group) were assessed by hematoxylineosin and sirius red staining, respectively. P, the phosphate-buffered saline (PBS) group; H, the hydralazine group; V, the valsartan monotherapy group; A, the aliskiren monotherapy group; C, the combination therapy group. Scale bars¼20 mm for (a) and 50 mm for (b). *Po0.05 vs. the PBS group; w Po0.05 vs. the hydralazine group; z Po0.05 vs. the valsartan monotherapy group; y Po0.05 vs. the aliskiren monotherapy group. Figure 3 Capillary density in the peri-infarction area at 28 days after myocardial infarction. Capillary density was measured in specimens stained with anti-CD31 antibody (n¼5 for each group). P, the phosphate-buffered saline (PBS) group; H, the hydralazine group; V, the valsartan monotherapy group; A, the aliskiren monotherapy group; C, the combination therapy group. Scale bars¼20 mm. * Po0.05 vs. the PBS group; w Po0.05 vs. the hydralazine group; z Po0.05 vs. the valsartan monotherapy group.
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Pro-inflammatory cytokine mRNA expression in the non-infarcted area At 28 days after MI, gene expression levels of IL-6 in the non-infarcted area were lower in the valsartan and the aliskiren monotherapy groups than in the PBS group, whereas those in the hydralazine group was similar to those in the PBS group (Figure 4b ). The dual therapy further suppressed IL-6 expression in the non-infarcted area compared with either monotherapy. Monocyte chemotactic protein-1 and tumor necrosis factor-a expression levels were not statistically different among the five groups, although the expression level of monocyte chemotactic protein-1 in the combination therapy group tended to be lower than that in the other four groups.
DISCUSSION
In this study, we showed that aliskiren ameliorated ventricular remodeling after MI similarly to valsartan at the doses of the same BP-lowering effect. At our tested doses, aliskiren improved survival rate after MI compared with PBS, whereas valsartan did not significantly reduce mortality because of cardiac rupture. We also found that the combination of valsartan and aliskiren exerted greater protective effects against ventricular remodeling after MI than either monotherapy, although additional BP-lowering effect was not observed with our tested doses. Angiogenesis is very important for cardiac healing process after MI. In this study, we found that aliskiren promoted angiogenesis in periinfarction area, whereas valsartan did not enhance this process. Moreover, the addition of valsartan to aliskiren did not impair the beneficial effect of aliskiren. These results might explain why aliskiren and the dual therapy improved survival rate after MI compared with PBS or hydralazine, whereas valsartan did not reduce mortality. In the aliskiren and the combination therapy group, enhanced angiogenesis might lead to promotion of cardiac healing process after MI, and then to prevention of cardiac rupture. However, the reason why this difference occurred remains unclear. This may be attributable to the doses of drugs we used. Further studies will be needed to elucidate the mechanisms.
Oxidative stress and inflammation have been shown to be involved in the development of ventricular remodeling after MI. [22] [23] [24] Oxidative stress and inflammation also depress cardiac function through impairment of Ca 2+ homeostasis. 23 The RAS is involved in the production of oxidative stress and inflammatory response. Angiotensin II stimulates nicotinamide adenine dinucleotide phosphate (NADPH) oxidase expression that induces the production of reactive oxygen species, and triggers inflammatory response. [25] [26] [27] [28] In this study, we found that aliskiren reduced oxidative stress and IL-6 expression in non-infarcted area similarly to valsartan with our tested doses. In addition, the combination of valsartan and aliskiren further suppressed oxidative stress and IL-6 expression in non-infarcted area than either monotherapy. These results may explain why the combination therapy ameliorated ventricular remodeling after MI compared with either monotherapy. As the combination therapy did not show further BPlowering effect, the synergistic effects might result from further suppression of tissue RAS.
In the previous clinical trials, the effect of the combination of ACEIs and ARBs has been tested on cardiovascular outcomes. [29] [30] [31] [32] [33] However, this combination therapy has not resulted in the expected benefit possibly because of increases in both plasma renin activity and ACE escapes in addition to study-design issues. 34 As DRIs decreases plasma renin activity, it was suggested that the combination of DRIs and ACEIs or ARBs might be the optimal combination of RAS-blocking agents. In fact, several animal studies and clinical trials showed the efficacy of this combination on cardiovascular outcomes. 19, [35] [36] [37] [38] The effects of the combination of DRIs and ACEIs or ARBs on post-MI outcomes were investigated in the ASPIRE (Aliskiren Study in Post-MI patients to Reduce rEmodelling) study. 39 In this study, the addition of aliskiren to a standard optimal medical regimen, including an ACEI or an ARB, did not result in benefit with respect to ventricular remodeling compared to placebo and was associated with more adverse events in high-risk post-MI patients with LV Figure 4 Oxidative stress and pro-inflammatory cytokine expression in the heart at 28 days after myocardial infarction (MI). (a) Oxidative stress in the peri-infarction and the non-infarcted area. Concentrations of malondialdehyde (MDA) and 4-hydroxyalkenals (HAE) were measured (n¼4 for each group). (b) Expression levels of interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1) and tumor necrosis factor-a (TNF-a) in the non-infarcted area (n¼5 for each group). P, the phosphate-buffered saline (PBS) group; H, the hydralazine group; V, the valsartan monotherapy group; A, the aliskiren monotherapy group; C, the combination therapy group. *Po0.05 vs. the PBS group; w Po0.05 vs. the hydralazine group; z Po0.05 vs. the valsartan monotherapy group; y Po0.05 vs. the aliskiren monotherapy group.
Combination therapy of DRI and ARB in MI Y Higashikuni et al systolic dysfunction, which is inconsistent with our results. In the ASPIRE study, patients were randomized at a median of 43 days after MI, and thus, in most of the enrolled subjects, aliskiren was added in the chronic phase after MI. The addition of aliskiren in the early post-MI period might have beneficial effect on post-MI outcomes. Moreover, in most of the enrolled patients, combined RAS-blocking agents were ACEIs and DRIs. Therefore, the efficacy of the combination of DRIs and ARBs might not be sufficiently evaluated. As ACE escape or angiotensin II production via non-ACE pathways could compromise the effect of ACEIs on the RAS, [40] [41] [42] the combination of DRIs and ARBs might be beneficial.
There are several limitations in this study. This study is an animal study, and thus, our findings could not be simply extrapolated to human. Intense RAS blockade with dual therapy in the early phase after MI might not be tolerated in human, although it appears that this strategy was well tolerated in post-MI mice in this study. However, if dual therapy is well tolerated, the addition of aliskiren may be beneficial also in human.
In conclusion, our results indicate that aliskiren can be an alternative to ACEIs or ARBs in the treatment of post-MI patients. Moreover, the dual therapy of ARBs and DRIs may be more beneficial than either monotherapy. Further clinical trials will be warranted to sufficiently assess the safety and the efficacy of the use of aliskiren in post-MI patients.
